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Abstract

Dehydration of hydrogen gas is one of the important steps in many industrial purposes thus, drying systems have to
be developed to achieve high efficiency and relative effect. In this article, the basic principles and design of a three-bed
Temperature Swing Adsorption (TSA) dryer for dehydration operation of hydrogen gas drying are comprehensively
described. The paper commences with an in-depth explanation of the basic principles behind TSA technology such as
adsorption and desorption mechanisms, thermodynamic considerations and selection for adsorbents. This paper also
deals with the detailed design of a three-bed TSA dryer, explaining about various fabricating details that influences
both performance and overall operability. The third part focuses on the operational phase, and especially in cycle time,
regeneration strategy and efficiency of energy. Advanced optimisation techniques are employed to lower energy
consumption, increase throughput capacity and improve overall system performance. This detailed study will be of
great help for engineers and investigators working on TSA systems design and optimization to dehydrate hydrogen
gas, contributing towards the betterment in this important field dealing with industrial gas processing.
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1. Introduction (PSA) and temperature swing adsorption (TSA),
however, is because they are dependable and can
give low moisture content [7-9]. Cycling pressure
1s used to replenish the adsorbent in PSA systems,
and a faster cycle time and lower initial energy
input are obtained [5,10]. However, PSA is not as
effective at achieving extremely low dew point
values, especially in applications where trace
amounts of water are present in high purity
hydrogen [11]. On the other hand, thermal
regeneration is used by TSA because it allows
more thorough removal of moisture and deeper
drying [6]. TSA has a longer cycle time and higher
heating energy requirement, but it is suitable for
applications with precise dew point control [12,13].
In addition, the mechanical stress on TSA systems
over longer cycles is less than that on PSA
systems, as they also exhibit superior adsorbent

Dehydration of hydrogen gas is an important
industrial process that is currently used to
produce energy, to process petrochemicals and to
develop the fuel cell technologies [1-3].
Dehydration of hydrogen gas with water vapor is
extremely detrimental to its efficiency in fuel
cells, so these processes must be good for the
water vapor to not degrade the purity or
performance standards [1,4]. Common
dehydration technologies of hydrogen purification
are adsorption-based, membrane separation,
condensation, and absorption using hygroscopic
liquids [5,6]. The wusual way of applying
techniques such as pressure swing adsorption
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very low residual levels is a common requirement
in critical applications such as hydrogen
purification and requires TSA to be wused
frequently.

Many factors including sorbent material,
temperature change and cycle scheduling affect
the performance of the TSA systems. Adsorption
properties of adsorbents, such as metal organic
framework (MOF) and zeolites can be varied for
improved hydrogen dehydration process [4,14].
Currently, a major barrier to higher dehydration
efficiency and lower energy consumption during
TSA remains selecting appropriate adsorbent
materials on the basis that their physical and
chemical properties [13,16,17]. Knowledge of the
thermodynamic concepts of these adsorbents,
their adsorption isotherms and kinetics, are
critical for decision and operational parameters in
design [18-20].

TSA dryer optimization is not only about
sorbent selection but also the system specific
design of the dryer system including the
combinations of such systems as three bed
systems [15,21]. With a Three Bed design, beds
are continuously rotated between the adsorption
and regeneration processes, allowing a stable
supply of dry hydrogen gas. From an operational
mechanics point of view, an in-depth study is
critical, as has been shown in numerous studies,
of bed package configuration, flow patterns and
temperature control and its relationship to the
TSA dryer’s overall efficiency [1,22,23].

Both, techno-economic evaluations of the
application of the TSA technology are required to
assess the viability of these systems in practical
settings and also the economic implications of
applying TSA technology can’t be neglected.
Operating cycle modeling including residence
period and energy requirement is used to
1llustrate cost savings and provide the foundation
for planned improvements in TSA systems for
hydrogen dehydration [24-26]. Significant energy
savings and better operability have been proven
by tailoring important modifications to the unique
commercial needs of hydrogen generation or fuel
cell applications [27-29].

TSA technology has recently advanced in
such a way that if such hybrid systems are
employed, hybrid systems could be another push
in optimizing the dehydration of hydrogen gas
[30,31]. By making use of TSA features such as
pressure swing or vacuum swing techniques,
synergies can be achieved that slash operational
costs drastically and further improve drying
capability [22,23]. This evolution of this industry
places greater emphasis on the development of
more innovative adsorbent materials and higher
heating processes [32-34]. As it relates to progress
of TSA dryer technology to ensure hydrogen gas

meets high purity criteria for its use in these
critical applications.

The intention of this review article is to give
a general insight of the Three-Bed TSA Dryer that
is suited for the dehydration of hydrogen gas. It
commences with providing an overview on the
principles of TSA process, which includes the
adsorption, thermodynamics and kinetics of the
process [4]. The design factors are then described
in more details and include the choice of adsorbent
material, the arrangement of adsorbent beds,
thermal management approach and the
incorporation of controls for adsorption system
operations [16,35]. The working characteristics of
the three bed TSA dryer are being discussed in
detail with regard to heating means, cycle time,
and regeneration strategy that help in efficient
removal of moisture without compromising the
energy aspect [36,37]. Further, the article focuses
on the different optimization techniques that can
help in improving the efficiency of the dryer
[38,39].

Indeed, this review article although intended
to act as a general review of the principles, design,
operation and optimization of the three bed TSA
dryer should prove useful to practicing engineers,
researcher and scholars in the field of gas
purification [40]. In this regard, it aims to add
value to developing and existing TSA technology
for the removal of hydrogen gas moisture, thus
supporting the enhancement of hydrogen
technologies in different sectors [41].

2. Principles of TSA for Gas Dehydration

Temperature Swing Adsorption (T'SA) is one
of the most common methods applied for
interacting gases with water molecules [42,43]. As
mentioned earlier the basic concept of TSA is that
gas contacts a solid desiccant at low temperatures
where moisture is adsorbed and at elevated
temperatures moisture is desorbed [44,45]. This
process cycle comprises of adsorption phase,
regeneration phase, cooling phase which forms a
cycle in their operation (Figures 1 and 2):

(1). Adsorption Phase: In the adsorption phase,
the moist hydrogen gas is passed through a layer
of a desiccant material which may be activated
alumina, silica gel or molecular sieves [46,47]. The
desiccant is thereby formed to adsorb water
molecules in hydrogen gas and yields dry
hydrogen gas at the outlet [48]. This phase
continues right up to the exhaustion of the
desiccant that is the capacity to which the
desiccant can remove moisture [37,49].

(2) Regeneration Phase: When the desiccant
becomes fully saturated with water molecules, is
time for the bed to be regenerated [50]. In this
phase, the bed is heated most commonly to the use
of a heated purge gas or even direct heaters for
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heating the desiccant and to remove water
molecules [47,50,51]. The upturn in temperature
decreases the affinity of the desiccant with water
hence liberating the moisture adsorbed [44,52].
The purge gas thus takes the moisture away from
the bed thus regenerating the desiccant for the
subsequent use [53].

(3) Cooling Phase: Regeneration of the desiccant
bed is accomplished when the flow rate is reduced
to zero [46]. The desiccant bed is heated to allow
moisture evaporation out of the desiccant and be
sent to the drain through a heat exchanger that
brings the desiccant to the adsorption
temperature before it can be activated again
[47,48]. Cooling is generally done by passing
ambient or cooled purge gas through the bed.
Correct cooling is important to reach the
effectivity of the subsequent adsorption stage
[54,55].
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Figure 1. Three-Bed Three Step TSA dryer
process flowchart

3. Process Modelling of TSA Dryer

The design and optimization of a three-bed
TSA dryer is of greatest importance in the

achievement of consistent and economical
dehydration of the hydrogen gas [56,57]. In this
section, all the mathematical formulation,

governing equations and modeling technique
applied in simulating the TSA dryer are discussed
[68-60]. The approach includes phenomena of
heat and mass transfer, adsorption equilibrium
and cyclic operation with the objective of
estimating the drying capacity and controlling the

process variables [61,62].

3.1. Governing Equations and Assumptions

The mathematical model is developed based

on the following fundamental equations:

(a). Mass Balance in the Gas Phase

TSA dryer modeling 1s highly dependent on
the mass balance of the adsorptive component,
water vapor, in the gas phase [60]. A transient
mass
transfer of water vapor in a gas stream flowing
axially in a packed bed is found under the plug

one-dimensional model describing a

flow conditions by Eq. (1):

ac u ac _ (1-¢)
at 9z £

kra(q™ —q)

where: C = Water vapor concentration in the gas
phase (kg/m?); u = Superficial velocity of gas (m/s);
z = Axial bed coordinate (m); € = Bed porosity
(Dimensionless); kr = Mass transfer coefficient
(m/s); a = Specific surface area of adsorbent per
unit volume of bed (m?/m?); g = Actual solid-phase
Equilibrium
moisture loading (kg/kg). This equation links the
change in gas-phase water content to the rate at
which it is adsorbed onto the solid desiccant [39].
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Figure 2. Three-Bed Three Step T'SA Dryer -
process flow diagram
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(b) Adsorption Equilibrium

The equilibrium of adsorption is important
in analyzing the performance of a TSA drying
system for moist gas-solid systems so as to predict
the amount of water that will be adsorbed by the
adsorbent under different conditions of operation
[63]. Several adsorption isotherm models are
effectively used to describe the gas-solid systems,
and they are as follows [63,64]: (i) Langmuir
isotherm 1is one which assumes that the
adsorption takes place mono layer wise on a
homogeneous surface having a finite number of
identical sites; (i1) Freundlich isotherm, an
empirical model suitable for heterogeneous
surfaces; (i11) BET isotherm is often used for
multilayer adsorption at high relative pressure;
(iv) Toth and Sips models provide improved
accuracy for mnon-ideal and heterogeneous
systems.

However, the Langmuir isotherm is widely
applied in TSA dryer modeling since it is
mathematically simple and adequately fits the
low relative humidity regime’s gas dehydration
conditions typical in hydrogen [60,65,66]. In this
study, the partial pressure p of water vapor gas
phase is related to the equilibrium water loading
q on the adsorbent using the Langmuir model by

Eq. (2):

_ 9maxKP
T 1+KP @)

q

where: qqmax = Maximum adsorption capacity (kg
water/kg adsorbent); K = Adsorption equilibrium
constant, both specific to the type of desiccant and
operational conditions; P = Partial pressure of
water vapor (Pa).

The Langmuir model 1is particularly
convenient to use at low to moderate pressure and
low moisture content [63,67]. Where multilayer
adsorption is insignificant, most of the industrial
desiccants (e.g., molecular sieves) work at
monolayer capacity [68]. Although the Toth or
Sips models allow the kind of fidelity that can be
used over a wider range of operating conditions
for the order of magnitude simulations performed
in TSA [69]. The Langmuir model is a practical
compromise between accuracy and computational
simplicity [64,66]. Multi-model comparisons, or
hybrid isotherms, can be used as a basis for future
research to improve the performance forecasts,
particularly under dynamic or high moisture
loading conditions.

(c) Energy Balance Equations

Heat effects are inherent in adsorption and
desorption processes, making energy balance
another integral part of TSA modelling [60]. The
heat transfer equation for the gas-solid system,
assuming thermal equilibrium between phases is
governed by Eq. (3):

aT aT a%r a
pCpE+upCp$=kﬁ+AHpSa—z 3

where: ps= Density of solid adsorbent (kg/m3); p
Density of the hydrogen gas (kg/m3); T =
Temperature of the gas-solid system (K); Cp =
Heat capacity (J/kg K); k = Effective thermal
conductivity of the gas-solid mixture in the bed
(W/m K); and AHaas = Heat of adsorption (J/kg).
The right-hand term takes into accounts
temperature effects associated with adsorption
and release of water molecules that impact overall
system performance as well as the tactics for
regeneration of desiccant.

3.2. Regeneration Cycle Modelling

During the regeneration phase, the
adsorbent bed is heated to desorb the retained
moisture. The desorption kinetics is often
approximated using a first-order linear driving
force (LDF) model [70], governed by Eq. (4):

Z_Z = _kdes(q - qeq) (4)

where: kdes = Desorption rate constant (1/s); qeq =
Equilibrium adsorbed water concentration (kg
water/kg adsorbent). The result is provided,
allowing divergence from equilibrium to
determine the regeneration rate, indicating the
importance of choosing suitable regeneration
temperatures and purge flow conditions [39].

Basically, the TSA system process modelling
is cyclic, with adsorption, regeneration, and
cooling of process steps resulting in such a cyclic
system. The temperature and moisture profiles in
each bed repeat from cycle to cycle and the system
approaches a cyclic steady state (CSS) at repeated
cycles [71]. The governing equations are solved
iteratively by numerical simulation which
requires until the requirement is met. Such
models, like any other critical performance
parameter provides outlet moisture
concentration, energy expenditure, regeneration
efficiency and ideal switching timings for each bed
[72].

4. Design of a Three-Bed TSA Dryer

A three-bed TSA dryer system uses three
beds of adsorbents working in an offset fashion for
the continuous removal of water from hydrogen
gas [73-75]. Three beds, in other words, the
adsorption section, regeneration section and the
cooling section, are implemented in order to
ensure a continuous supply of dry hydrogen gas
[76,77].

4.1. Configuration and Flow Arrangement

The three bed arrangement is made with a
view of ensuring that while one bed is in the
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adsorption mode, the second bed is in the
regeneration mode, while the third bed is in the
cooling mode [55]. That is why the flow
arrangement in a three-bed TSA dryer is intended
to allow the most efficient flow of the gas and to
run continuously [60]. The typical flow
arrangement can be described as follows:

(1) Inlet and Outlet Streams: During adsorption,
the wet hydrogen gas is fed through a common
inlet manifold and the gas flows to the bed [47-
79]. The hydrogen gas is dried while coming out of
the outlet manifold that is ready for processing or
usage.

(2) Purge Gas Flow: Some proportion of the dried
hydrogen gas is taken off for regeneration and is
known as purge gas [75,80]. During the
regeneration phase it is heated and then directed
to the bed [81]. Finally, the purge gas that carries
along with it a certain amount of moisture is let
out of the system through the bed.

(3) Sequential Switching: These are composed of
the hydrogen gas and purge gas control valve that
connects the beds for the flow of the gas in
between the bed [17,31]. The operation principle
of the system is such that it goes through the
three phases, namely adsorption, regeneration,
and cooling in a cyclic manner. This switching is
normally coordinated by a Programmable Logic
Controller (PLC) that guarantees the phases’
synchronicity as well as seamless and optimum
performance [17,23].

(4) Counter-Current Flow: Although only one
fluid (hydrogen gas) is passed through the
adsorption columns, flow direction further varies
during adsorption and regeneration within a
three-bed TSA dryer. During adsorption,
adsorption runs with moist hydrogen from one
side of the bed, while the heated purge gas is fed
through the opposite end. The counterflow
configuration is a reversed flow pattern, and it
improves regeneration efficiency by maximizing
temperature and concentration gradients inside
the bed [82].

4.2. Selection of Desiccant Material

Temperature swing adsorption (TSA) sub-
system and its essential component, the
desiccant, are a very significant part of the gas-
processing mechanism; hence the choice of
desiccant material is a paramount consideration
in the functional design of a three-bed TSA dryer
used to dehydrate hydrogen gas [83]. These are
some of the characteristics of the desiccant that
actually regulate the efficiency, the capacity and
the performances of the system [81]. This section
describes the factors for choosing a suitable
desiccant material and the properties of the
common desiccants; the effect of desiccant type for
the performance of the TSA dryer [84]. Some of

the factors to consider when choosing desiccant
include:
(1). Adsorption Capacity: Besides, the desiccant
which 1s required to remove moisture, must
possess a high adsorption capacity for water vapor
[84]. This capacity is usually quantified as the
volume of water that may be adsorbed by the
desiccant material for unit weight under given
conditions.
(2) Selectivity: The desiccant used should have
ability to preferentially adsorb water than other
gases that may also exist in the hydrogen stream.
This makes it possible to have desiccant to mainly
react with moisture without affecting the reaction
of hydrogen with other impurities.
(38) Thermal Stability: Since the TSA process is
cyclic in nature, the desiccant used has to be able
to perform heating and cooling cycle without
showing any signs of degradation. Its thermal
stability to help keep performance and the
desiccant’s lifespan in good conditions as to
improve its use [85].
(4) Mechanical Strength: The desiccant material
should be strong mechanically to withstand the
force that may lead to attrition and breakage
throughout the handling and operation process
[58]. The reason behind this durability is to
ensure higher performances of the machines
without producing a lot of dust in the process.
(5) Regenerability: The choice of the desiccant
with regard to the industrial application should
also enable easy regeneration without the need
for a lot of energy [55]. A low regeneration
temperature and a short time of regeneration are
beneficial in the optimisation of the TSA system
in terms of energy consumption.
(6) Compatibility: The desiccant has to be
chemically compatible with hydrogen and the
other ingredients that may be present in the gas
stream so as to avoid the formation of by-products
that might compromise the quality of the
hydrogen or the effectiveness of the desiccant [84].
Common desiccants for hydrogen gas
dehydration include:
(1) Activated Alumina: High surface area and
good thermal stability are other features
regarding this compound [84].
(2) Silica Gel: It is best used at low to moderate
temperatures of heat and has very high moisture
holding capacity [83].
(3) Molecular Sieves: Deserving high selectivity
and efficiency for the processes of hydrogen gas
dehydration particularly where low dew points
are a concern.

4.3. Bed Dimensions

The parameters of the adsorption beds are
particularly important to the TSA system’s
loading capacity and effectiveness  [81].
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Parameters such as the height, diameter and
volume of the bed, should be determined from the
gas mixture flow rate required, the kinetics of
adsorption and heat dissipation needs.

(1) Bed Height and Diameter: The effectiveness of
a TSA dryer depends considerably on the size of
the adsorption bed, in particular its height and
diameter. The bed height is not determined
purely as a function of geometric considerations
but is a function of the adsorption rate, mass
transfer characteristics, and the desired output
moisture content [86]. Each system should be
operated at adequate bed height such that the
mass transfer zone (MTZ) is fully developed, and
the required moisture 1s removed before
breakthrough occurs. To achieve low residual
moisture levels, such as a dew point below (-60
°C), longer contact times and therefore a larger
bed height is required. As the mass transfer
kinetics that depend on gas velocity, particle size,
and water vapor diffusivity are directly related to
bed requirements [87]. These parameters also
have effects on bed requirements.
Simultaneously, as there has to be an inverse
optimization between pressure drop and uniform
flow distribution, the bed diameter and height-to-
diameter (H/D) ratio, typically from 2:1 to 5:1,
should be tuned at once in order to achieve the
above balance. The H/D ratio is well designed to
reduce flow channeling and to maximize
adsorbent efficiency [88]. Bed dimensions have to
be determined to ensure capacity and efficiency in
cyclic TSA operations by considering the
adsorption isotherm data, mass transfer
dynamics, target dew point, and system
throughput requirement.

(2) Bed Volume: The bed volume of a TSA dryer
also affects the dryer’s ability to extract moisture
from the hydrogen gas stream at the end of each
cycle. The amount of the water to be adsorbed, the
incoming moisture concentration, the adsorption
capacity of the desiccant, and the cycle time all
play a role. Additionally, the bed porosity (e),
which is the percentage of the bed not taken up by
solid adsorbent, directly affects the physical
dimensions of the adsorption column [26]. The
volume can be estimated using the Eq. (5):

__ @XCipXtcycle
- (1—-&)xw (5)

where: V = actual physical volume of the packed
bed (m?); Q = volumetric flow rate of hydrogen gas
(m®/s); Cin = inlet moisture concentration (kg/m?);
teyle = adsorption time or cycle duration (s); € =
Bed porosity (dimensionless); w = water
adsorption capacity of the desiccant (kg water/kg
adsorbent. A more physical bed volume 1is
indicated to hold the same mass amount of
adsorbent when the bed porosity is higher, and

reduced bed porosity leads to lower volume with
increased pressure drop. Therefore, it 1s
important to design with porosity carefully to
ensure optimal adsorption efficiency and
operational practicality.

(3) Adsorbent Loading: The quantity of adsorbent
material (m) within each bed is determined by the
bed volume and the bulk density (p») of the
adsorbent by Eq. (6):

m=VXpy (6)

4.4. Operation and Control

Managing the three-bed TSA dryer involves
a number of parameters to ensure that the dryer
operates at its best efficiency and uses the least
amount of energy possible. Key operational
parameters include:
(1) Temperature Control: Molecular sieves have a
strong tendency of adsorbing water vapor hence
proper control of reactor temperature during the
regeneration phase is paramount to facilitate
proper desorption of moisture [85]. Excessive
heating may affect the desiccant, lack of adequate
heating on the other hand there may be some
moisture that is not driven out of the bed [55].
(2) Pressure Regulation: Steady pressure in the
TSA dryer is essential for adsorption to be orderly
and for regeneration to be effective. Gas residence
time can be affected by pressure changes and lead
to a decreased effectiveness of moisture removal
[89]. In addition to pressure management, a
substantially important parameter is the
adjustment of the hydrogen water vapor mixture
flow rate, since it controls the contact time
between the gas and the adsorbent. Premature
bed breakthrough can occur if the flow is too high.
Equally, if the flow is too low, the bed may not be
used adequately. Mass flow controllers and flow
control valves are used to achieve constant and
ideal flow rates during each phase [6]. These
controls help to shift the dynamics in the system
in order to balance the cycle time and process
requirements. The adsorption, regeneration, and
cooling proceed smoothly, given proper pressure
and flow. On the whole, this integrated regulation
has the advantages of increasing the stability of
the system, energy efficiency, and drying
performance.
(38) Cycle Timing: The time taken to do the
adsorption, regeneration, and cooling of the three
beds must therefore be properly coordinated [48].
Real-time control systems are used to control
cycle times in relation to the existing processes
conditions.

4.5. Performance Optimization

The objective of the performance
optimization of a three-bed T'SA dryer is to reduce
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the moisture from hydrogen gas as quickly as
possible with the lowest possible energy and
operating cost. This is to improve dehydration
effectiveness and reduce the energy needed for
the gas flow and the heating energy required for
the regeneration of the desiccant:

(1) Moisture Removal Efficiency: The main
performance indicator for a TSA dryer is to reduce
the moisture content of a hydrogen stream to a
predetermined dew point [9,11]. This is
dependent upon the interaction of effective gas
adsorbent and is dependent on cycle timing, bed
design, and desiccant characteristics [37,81,90].
Monitoring dew point and breakout time makes
progress in the continuous monitoring of the
moisture removal performance. In order to ensure
maximum water uptake before saturation, high
adsorption capacity and fast kinetics desiccants
are desired.

(2) Gas Delivery Energy Cost: In particular,
energy is required to drive the hydrogen water
vapor mixture through the adsorbent beds,
regardless of  whether compression or
pressurization is used [91,92]. In order for gas to
run through the beds and be distributed with the
minimum power, the pressure drop in the beds is
to be as minimal as possible. This may be
achieved by a suitably designed flow distribution
system, selection of appropriate particle size, and
fair bed packing [10,75,84]. Moreover, the use of
automated flow control systems can also help in
maintaining constant gas velocities through the
adsorption process, thus bringing down
unnecessary use of energy.

(3) Regeneration Heating Cost: The main
operational cost of the TSA system is due to the
energy used to heat the desiccant for moisture
desorption [7,93]. Adsorbents that need to renew
at lower temperatures and use energy-efficient
heating methods, e.g., indirect heaters, steam, or
electric components with precise control, are to be
selected [94,95]. Further minimizing the
regeneration energy requirements is the
integration of waste heat from nearby processes
or even the use of thermal energy recovery, e.g.,
using hot purge gas to warm another bed. In
addition, purge gas flow, as well as regeneration
time, is precisely regulated such that no more
energy is expended than necessary for complete
desorption [67,96].

(4) Integrated Performance Strategy: An optimal
strategy needs to be found that considers the gas
flow management, dehydration efficacy, and
regeneration efficiency interplay to be optimally
performed [87,97]. The TSA dryer can run reliably
and economically, optimally operating with these
three pillars of design and control in order to
achieve hydrogen purity standards and minimize
overall energy consumption [7,84,98].

5. Analysis and Contributions

5.1. Evaluation of TSA Cycle Time and Energy
Consumption

Cycle time distribution plays a vital role in
enhancing the efficiency of a TSA dryer. After a
detailed analysis of operational data and
simulations of three-bed TSA systems, it turns
out that a 6:1:1 hour split (adsorption:
regeneration: chilling) effectively balances drying
efficiency with energy costs [2]. Further
investigation showed that when regeneration
temperatures go beyond 250 °C, energy usage
spikes without any real improvement in moisture
removal [99,100]. In reality, exceeding 250 °C
only brought about a minor boost in desorption
efficiency (about 3-5%), but it also led to more
than a 10% increase In energy expenses.
Consequently, technical-economic research
suggests that the ideal regeneration temperature
range is between 220-240 °C. Research Indicate
the industry should focus on optimizing
temperatures rather than just cranking them up,
ensuring that energy input aligns with actual
desorption gains [10,101,102].

5.2. Comparative Performance of Desiccants in
Hydrogen Drying

Comparative  analysis and lab-scale
validation were performed using three typical
desiccants: activated alumina, silica gel, and
molecular sieves under the same conditions
[99,103,104]. Continuous dew points below (-65
°C) were demonstrated by molecular sieves over
more than 50 cycles, but their performance fell
short of achieving the superior performance. This
is in contrast to silica gel and alumina, which
gradually deteriorated and increased outlet
moisture after 10 to 15 cycles [105]. Molecular
sieves have a worthwhile higher cost in terms of
endurance and superior performance in high-
purity H. applications (fuel cells, for example),
and very well [2]. The study indicated that
operators should avoid low-cost options where
performance reliability is crucial [106].

5.3. Impact of Bed Geometry on Pressure Drop
and Moisture Breakthrough

Parametric modeling of gas flow dynamics
and drying efficiency was carried out by
controlling the bed geometry using COMSOL
[107]. Early channeling and inefficiency in
adsorbent usage were observed with higher ratios
(>5:1), whereas beds with an H/D ratio between
3:1 and 4:1 had the most consistent flow and
moisture profiles. Simulations show that
optimizing the geometry of the bed can increase
the life of the desiccant while likewise reducing
pressure drop by 15-20 % and improving energy
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efficiency. Further studies therefore suggest
redesigning traditional tall, narrow beds to
balanced configurations, especially when flow
rates are not constant.

5.4. Proposed Real-Time Control Strategy for
Cycle Optimization

Traditional TSA systems are a fixed-cycle
system that creates inefficiencies during off-
design conditions. Under fluctuating inlet
conditions, the outlet dew point could be
stabilized faster, and an adaptive model could
achieve a 12% energy savings. This real-time
control strategy is relevant specifically for green
hydrogen systems where the feed conditions
change with time (solar and wind generation)
[85]. In order to dynamically alter the cycle
phases according to the real-time humidity data
and the desiccant saturation levels, a set of fuzzy
logic-based smart controls were developed [108].

5.5. Design Suggestion for Hybrid Heat
Integration

To address the high energy requirement of
the regeneration phase, propose a hybrid heat
recovery approach: using waste heat from nearby
exothermic reactions (e.g., methanation or water-
gas shift). A heat integration model developed
using Aspen HYSYS indicates up to 30% of
regeneration energy can be recovered, translating
to substantial operating cost reduction. From a
system engineering perspective, integrating TSA
dryers into broader process heat networks
enhances sustainability. Designing TSA dryers in
isolation  limits their potential; holistic
integration is the key to wunlocking their
efficiency.

6. Future Directions

While the need for such efficient, scalable,
and energy efficient drying technologies as TSA
systems increases as hydrogen plays an
important role in the worldwide clean energy
transition  [17,20]. Modern TSA  dryer
technologies for hydrogen dehydration are
durable and dependable. Its performance and
industrial use can be considerably improved by
taking advantage of several frontiers of research
and development [36].

6.1. Advanced Adsorbent Materials and
Nanotechnology

As desiccants, activated alumina and
molecular sieves have been shown to be effective
but require regeneration energetics and
adsorption kinetics [16,83,84]. Better engineered
materials can be of great value to the next
generation of TSA systems. For instance, here’s a

class of materials known as metal-organic
frameworks (MOF's), which have a large surface
area, adjustable pore diameter, and great
selectivity, all good for dew points near the ultra-
low level [58,77]. Carbon materials capable of
functionalization, like graphene oxide and carbon
nanotubes, have low thermal mass and are thus
capable of faster adsorption and desorption cycles
[109]. Additionally, the hybrid composite
adsorbents can harness the strength and the
thermal stability by combining conventional
desiccants with nano-enhanced structural
elements. This has enabled us to develop surface
customization at the molecular level to reduce the
need for maintenance, long-term durability, and
sustainability [110].

6.2. Integration of Smart Sensing and Al-based
Control

It is an exciting potential for the future of the
TSA systems. The use of data-driven control
schemes is improved if we can incorporate such
smart sensors that can provide continuous
measurement of factors like temperature,
pressure, dew point, or the adsorbent condition
[111]. The combined systems with either artificial
intelligence or machine learning algorithms.
Thus, it can be used for predictive maintenance by
estimating the time at which the adsorbent is to
be replaced or reactivated. Moreover, these
computerized instruments enable dynamic
optimization of cycle timing subject to changing
feed gas conditions [110]. With real-time
modification of regeneration techniques, the
energy usage can be reduced and a given purge
flow and temperature can be maintained [75],
[80]. These sensor technologies and intelligent
automation will be integrated into TSA dryers to
greatly enhance the efficiency, reliability, and
autonomy of TSA dryers in hydrogen energy
systems.

6.3. Modular and Scalable TSA Dryer Designs

As the configurations in which hydrogen is
produced become more diverse, from large
industrial plants to small, renewable-powered
stations, there is a wider demand for TSA
solutions that can be adapted to the new
configurations. Therefore, modular dryer designs
are gaining utility to tackle the heterogeneity.
Future-oriented  systems  should feature
integrated plug-and-play properties that allow
easy integration among already in-service
infrastructure, e.g., pipeline systems or skid-
mounted units. Facilities can adjust the bed
arrangements depending on changing flow rates
or requirements, while the compact designs can
aid in decreasing space usage in confined
environments, for example, offshore installations
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and transportable hydrogen platforms [48,52]. It
1s a scalable and modular technique that is a good
fit for the trend towards hydrogen generation in a
distributed and decentralized manner.

6.4. Low-Temperature and Alternative
Regeneration Techniques

TSA operation is one of the most thermally
regenerative processes. This is therefore leading
to the investigation of many ways to improve
energy efficiency. One such approach is
microwave assisted desorption, where selective
heating of adsorbing particles decreases
regeneration time and energy demand [112]. The
desorption efficiency can be improved with
vacuum-assisted TSA (VTSA) and hybrid
pressure—temperature swing adsorption (PTSA)
techniques, which use some temperature, though
mostly vacuum tactics. In addition to that,
electrothermal and induction heating can provide
the specific regions with the targeted energy,
reducing the thermal losses even further [113]. In
particular, these unusual approaches are
promising in energy integration with renewable
energy systems. It's the reason that may make
energy supply variable, and efficient use of energy
1s critical.

6.5. Coupling with Renewable Energy and Process
Heat Recovery

Hydrogen production systems based on wind
or solar energy typically face problems from the
fact that their input power is variable. TSA
dryers can be more closely connected to renewable
energy sources in order to adapt. An interesting
way to utilize this waste heat during regeneration
phase of the TSA cycle consists of waste heat
coming from exothermic activity, e.g. steam
methane reforming or electrolysis [114].
Lowering operational expenses can also be
achieved through synchronizing regeneration
activities with times when there is a surplus
renewable energy. The TSA system stores
thermal energy as a buffer which allows energy
Intensive activities to proceed regardless of when
primary power is available. The improvements in
these solutions apply to the sustainability of TSA
dryers and compatibility with variable green
energy sources [111].

6.6. Environmental and Life Cycle Optimization

The future of TSA systems needs to focus on
eco-friendly design and environmental impact.
This means looking into every stage of the dryer's
life cycle, from sourcing adsorbent materials to
manufacturing, usage, and finally, disposal or

recycling [65,71]. Innovations in this area could
lead to the development of adsorbents that are
either reusable or recyclable, which would help
cut down on landfill waste. Additionally, using
non-toxic materials can minimize the release of
harmful byproducts during the regeneration
process. Plus, embracing green manufacturing
processes for creating adsorption containers,
insulation, and other products can significantly
reduce our overall environmental footprint. Life
cycle assessment (LCA) methods can guide
engineers and developers in making informed
choices to lower emissions and resource
consumption for dehydrated hydrogen [115].

7. Concluding Remarks

The concepts behind the three bed
Temperature Swing Adsorption (TSA) dryer for
Hydrogen gas dehydration are explored along
with the development of the model, construction,
test bench operation and also the potential
improvement in hydrogen gas dehydration. TSA
system  operate in  known  adsorption,
regeneration and cooling phases that lead to
repeatable moisture removal from hydrogen
streams. Utilization of mathematical models for
mass and energy transfer, desorption kinetics and
adsorption equilibrium are allowed to predict and
enhance the TSA performance. Important design
factors for the operation continuity and
dehydration efficiency are the desiccant selection,
bed configuration and control strategies. Even
further improvement to system efficiency 1is
provided by proper dimensioning and counter
current flow configurations. Originality of this
work emphasis a number of optimization
methods. The energy efficient cycle time
distribution is 6:1:1 and regeneration
temperatures are found to be 220-240 °C. The
superior desiccant is molecular sieves because
they are long term stable and consistent in
operation. Further, it is found that for bed
geometries of 3:1 to 4:1 H/D, consistent flow and
lower energy losses are achievable. Adaptive
operation is possible with a unique fuzzy logic-
based control system, and hybrid heat integration
solutions can be used to recover up to 30 percent
of the energy during regeneration. In order to
accommodate the demand of sustainable
hydrogen purification, future TSA systems will be
required to integrate with smart sensing,
improved adsorbents, modular topologies and
renewable energy sources. Ultimately a
foundation for improvement of TSA systems and
clean hydrogen technologies, this review provides
founding framework for engineers and
researchers.
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